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ABSTRACT In this paper, a kind of four-layer stack capacitor is proposed, which has realized the
compatibility with the conventional standard 0.5um CMOS technology. The effective capacitance per area
of the proposed stack capacitor is about three times larger than that of the mono-layer MOS capacitor.
The Simulation Program with Integrated Circuit Emphasis (SPICE) model of the presented four-layer stack
capacitor has been also established with considering the fringe effect. The results show that the root mean
square error of the proposed SPICE model is less than 2%. The model has been applied in the simulation
design of the infrared focal plane array readout circuit (IRFPA ROIC) successfully. Based on the improved
0.5um CMOS process with four-layer stack capacitor, an IRFPA ROIC with 640 x 512 array has been

implemented and the dynamic range is improved from 73db to 78dB.

INDEX TERMS Four-layer stack capacitor, infrared focal plane array, readout circuit, dynamic range.

I. INTRODUCTION

Infrared focal plane arrays have a wide range of industrial,
medical, and scientific applications. The infrared focal plane
array readout circuit (IRFPA ROIC) [1]-[3], as the critical
part of the dynamic range, can deal with the weak electrical
signal sensed by the detector. Generally, the infrared detector
can generate numerous catriers once it receives the photons,
the generated carriers will be saved into the integrating capac-
itor and then transformed into the output voltage signal by
the ROIC. Dynamic range is an important parameter in image
sensors, and the large dynamic range requirement is the most
challenging aspect in modern CMOS process [4]. Generally,
methods of extending dynamic range can be divided into
three categories. One uses logarithmic pixels response to
extend dynamic range as in [5], one group accepts multiple
exposure-times to expand the dynamic range as in [6], and
the other one applies lateral overflow capacitors to improve
operation range [4], [7], [8]. From aspect of device design,
enhancing the capacitance of integrating capacitor is the
most direct way. In addition, the ROIC’s uses a capacitor
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along with active elements for signal integration and pro-
cessing, the amount of charge collected is defined by the
charge handling capacity and limited by the size of integrat-
ing capacitor. Capacitance with smaller size can reduce the
overall chip area and promote the development of product
miniaturization. Meanwhile, larger capacitance values can
store more charge and electrical information in IRFPA ROIC,
which provides more pixel information on image processing.
In CMOS technology, improving the capacitance value per
unit area by means of optimizing device structure design is a
research of great engineering value. Therefore, enhancing the
capacitance of integrating capacitor at the limited pixel cell
area is the most effective way to improve the performance of
the dynamic range.

In this paper, a kind of stack capacitor is proposed,
which has realized the compatibility with the conven-
tional standard 0.5um CMOS technology process. Compared
with mono-layer MOS capacitor [9], [10], it can largely
enhance the capacity of integrating capacitor at the limited
pixel cell area. Obviously, this four-layer stack capacitor
is more competitive to balance the relationship between
the capacitance of integrating capacitor and the occupying
space.

VOLUME 9, 2021


https://orcid.org/0000-0001-6498-9901
https://orcid.org/0000-0002-3289-8877
https://orcid.org/0000-0002-9504-2275

Q. Liu et al.: Novel Multiple-Layer Stack Capacitor and Its application in IRPFA Readout Circuit

IEEE Access

Moreover, it is noted that the Simulation Program with
Integrated Circuit Emphasis (SPICE) model is the link
between the physical world and the design world of the
semiconductor industry. But until now, no any SPICE model
is established to describe the electrical characteristics of
the stack capacitor. In this paper, the SPICE model of the
four-layer stack capacitor has been established, the consid-
erable accuracy and general applicability of the proposed
SPICE model have guaranteed the successful simulation
design of the IRFPA ROIC. Finally, based on the improved
0.5um CMOS process, a kind of IRFPA ROIC with 640x 512
array has been implemented, and the test results show that the
enhanced capacity of the integrating capacitor has improved
the performance of the dynamic range effectively.

Il. THE STRUCTURE AND SPICE MODEL OF CAPACITOR
A. THE STRUCTURE OF CAPACITOR

The conventional 0.5um CMOS technology platform [11]
owns a full suite of devices, including industry compatible 5V
CMOS, free bipolar, precision resistors and capacitors. Based
on the 0.5um CMOS technology platform, we have imple-
mented a kind of four-layer stack capacitor by only adding
two MCT layers, as shown in Fig.1. The schematic cross
section of the presented four-layer stack capacitor has been
shown in Fig.2. It is noted that MOS capacitor is formed by an
NMOS device, Poly-Insulator-Poly (PIP) capacitor is fabri-
cated between two poly layers, MIM (Metal-Insulator-Metal)
cap.l is between Aluminum layer 2 (A2) and Aluminum
layer 3 (A3), MIM cap.2 is between Aluminum layer 3 and
Aluminum layer 4 (A4). All of them are connected in parallel.

0.5pm CMOS
conventional process

Added process
steps for stack cap.

P-well/N-well

Aluminum Layer 1

Gate-oxide

Aluminum Layer 2
—
Aluminum Layer 3
—
MIM Cap.2

FIGURE 1. Stack capacitor process flow based on 0.5xm CMOS.

As shown in Fig.3, when the MOS capacitor part of
four-layer stack capacitor is under accumulation region, the
total capacitance of stack capacitor is 7.6pF, which is larger
than that under-inversion region (5.5pF). This is because, the
MOS capacitor under accumulation region mainly contains
the gate oxide layer capacitor, while the MOS capacitor under
inversion region is formed by the gate oxide layer capacitor

VOLUME 9, 2021

SR

MCT(Low) MCT

A3(Hi)
MCT MCT(Hi) MCT
A2(Low) A2
il
/\
Al ]

NN Al

FIGURE 2. The cross section of four-layer stack capacitor.
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FIGURE 3. The measuring curves of four-layer stack capacitor and other
mono-layer capacitors.

and semiconductor layer capacitor in series. Therefore, in the
practical application, the stack capacitor is normally set on
the state that its own MOS capacitor works in accumulation
region, So as to acquire more larger capacitance value.

In addition, other measurement results can be also shown in
Fig.3. In the same area (30umx30um), the four-layer stack
capacitor is 7.6pF, while only 2.5pF for mono-layer MOS
capacitor, 2.1pF for mono-layer PIP capacitor and 1.8pF for
mono-layer MIM capacitor. The effective capacity of the
stack capacitor is more than 3 times larger than that of any
other mono-layer capacitor. This can prove that the stack
capacitor owns larger capacitance in less occupying space,
which verifies great advantage in the charge storage capabil-
ity and the occupying space comparing with the mono-layer
MOS capacitor, MIM capacitor and PIP capacitor.

B. THE SPICE MODEL OF MOS CAPACITOR
The idea of the four-layer stack capacitor SPICE model has
been shown in Fig.4. The SPICE models for the MOS capac-
itor, PIP capacitor and MIM capacitors will be established
respectively.

In this paper, the charge-thickness model (CTM) [12], [13],
as a classical charge-based model, has been established to
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describe the characteristics of MOS capacitor, as shown
in Fig.5.

The MOS capacitor has been regarded as Cox and Ccep in
series, which can be expressed by

C().X Ccen
C = 1
MOS Cort Cour (D

where Cox is unit-area capacitance of gate-oxide capacitor,
Ceen 18 unit-area capacitance of charge-thickness capacitor.
Respectively, Cox and Ccep can be expressed by

€ox
Cop = 2 2
o =T (2
Py
Ceen = X;lc (3)

where .4 is permittivity of gate oxide and eg; is permittivity
of silicon, Ty is the gate-oxide thickness and Xpc is the DC
charge thickness.

It is observed that Cox and &s; are both constant, and
we just analyze the only variable of them, Xpc. Based on
numerical self-consistent solution of Schrodinger, Poisson
and Fermi-Dirac equations, the universal and analytical Xpc
model has been discussed.

"—> (Cathode)

MOS Cap MIM cap.1 MIM cap.2 PIP cap

l Cathado

FIGURE 4. The modeling idea of stack capacitor.
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FIGURE 5. The schematic of charge-thickness model.

The DC charge thickness in the accumulation and depletion
regions can be expressed by

Nsup )_0'25 Vgh_vﬂ)]
2% 1016 Twc

where Xpc is in the unit of cm, (Vgb- Vi) / Tox has a unit
of MV/cm, acde is exponential coefficient for the charge
thickness in accumulation and depletion regions, Ny is the
channel doping concentration, and Vy, is the flat-band volt-
age. Respectively, the Debye length Lgepye and the flat-band
voltage Vi, can be expressed by

“

1
Xpc= § Ldebye exp lacde (

E5iVT0
%)
qNgub

Vip = Vin—@3—Kiox/@s— Voseff (6)

where V7 is the thermal voltage at test temperature, Kjqx is
the first-order parameter for the body effect coefficient, ¢g
is surface potential, Vipsesr is the effective body bias. But for
numerical stability, Equation (4) is replaced by Equation (7)

1 /
XDCe}j‘ =Xmax— 5 Xo+ Xg +48: Xinax) @)

Ldebye =

where
Xo=Xmax—Xpc—¥x (8)
and
1 _
XmangLdebyevsleo 3Tox (9)
The inversion charge layer thickness can be formulated as
1.9x1077
Xpc= 10
DC 1+[Vgszeﬁf+4(¥;1z_vﬂ>_2‘p3)]0'7 (10)

where Vet is effective gate voltage, Vi, is the threshold
voltage, and ¢p is the effective interface contact potential.

C. THE SPICE MODELS OF MIM CAPACITOR

AND PIP CAPACITOR

Both MIM capacitor and PIP capacitor are parallel-plate

capacitors. Thus, we can establish one kind of model for both.
The surface field lines those are in the interior of parallel-

plate capacitor are uniformly distributed, which are shown as
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FIGURE 6. The schematic of parallel-plate capacitor.

the solid lines in Fig.6. Thus, we can express the unit-area
capacitance for this part by

&y
" Amkd
where ¢; is the dielectric constant of the parallel-plate capaci-
tor, k is the electrostatic constant and d is the distance between
the two electrodes.

However, when the distance d is small, the shapes of
electric field lines in peripheral parts vary from parallel to
outward arc [14], [15], as shown in Fig.6. Therefore, the
fringe effect will not be negligible and the traditional result
(Eq. (11)) is not applicable for the peripheral capacitor.
Equation (12) is the expression for the peripheral capacitor
and Equation (13) is the expression for vg,e in Equation (12).

Cun (11)

(12)
13)

Cedg * PpR * Vfac
I4pye1 * Vica+pue * V12_2

Cedgeﬁ =
Viac =

where Cedg is the unit-length capacitance of the peripheral
capacitor, PgR is the perimeter of the parallel-plate capacitor,
Viac 1s the voltage impact factor for fringe effect, pyc; is the
first-order voltage fitting parameter, pyc is the second-order
voltage fitting parameter and Vj_, is the effective voltage
between the two electrodes.

The temperature parameter of the parallel-plate capacitor
can be expressed by

(14)
15)

diemp = temp — 25

tac = 14Ppict * diemppic2 * dz%;mp

where femp is test temperature and in the unit of °C, diemp
is the temperature difference between test temperature and
room temperature and in the unit of °C, py is the first-order
temperature parameter, pi» is the second-order tempera-
ture parameter, g, is the temperature impact factor for the
parallel-plate capacitor.

In conclusion, the formula model of the parallel-plate
capacitor including fringe effect and temperature impact fac-
tor can be expressed by:

Co = Cyy *Areax ty,e (16)
C = Cedgejf * Ifac an
Cuer = Co+Cy (13)

where C is the capacitance for the interior part of the capac-
itor, Area is the area of the parallel-plate capacitor, C; is the
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TABLE 1. The structure parameters of the four-layer stack capacitors

(unit: xwm).
STACK CAP. Stack Cap. Stack
A B Cap. C
0 C Width 30 12 30
M - Length 30 12 30
MIM Can 1 Width 30 30 30
- Length 30 30 30
MIM Can2 Width 30 30 30
- Length 30 30 30
PP C Width 30 12 30
o Length 30 12 30
Number of
parallel stack 1 1 10
capacitors
8.0py
7.5p1 o Measure data ~ gremmmm——— ——
— Model curve . .
<3 dAccumulation region
p 7.0p1 of stack cap. 4
<
=
% 6.5p1 f
© | Stack capacitor A
6.0pdnversion region of  }.
Stack &
5.5pF=
(@)
5.0p+—r—r——r—r——r
S 4 32101 2 3 45
VolV. RMS=0.93%
4lsp4 g
o Measure data y
41004 _ Model curve  { Accumulation region
of stack cap. B
405 of p
3
S 4.00p
2
83~95P‘Inversion region of | StacK capacitor B
Stack cap. B
3.90p
3.85p 1 (®)
S 432101 2 3 45
VoIV RMS=1.63%
75001 o Measure data
70.0p! — Modelcurve 1 4cymulation region
' of stack cap.C
& 65.0p]
¥
2
= ] .
&G 00001 uversion region of | Stack capacitor C
Stack cap. €}
55.0P =
(©
50.0p—/——mMm8m8m ™ ————————————
S5 4 32101 2 3 4°5
VoIV RMS=1.37%

FIGURE 7. (a)-(c). The curves of the measured data and the model fitting
results for the different stack capacitors (test temperature: 25°, test
frequency: 100 kHz).

capacitance for the peripheral part of capacitor and Cygr is
the total capacitance of the parallel-plate capacitor.
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D. THE VERIFICATION OF SPICE MODELS
Three completely different stack capacitors have been
selected to verify the accuracy and applicability of stack
capacitor SPICE model. The structure parameters of the three
stack capacitors can been seen in Table 1.

In order to evaluate the accuracy of the proposed model,
the root mean square (RMS) is calculated by:

N
mea;—sim;

RMS = | —
N ;(max{ |meal gy » |5im| }

19)

where the mea; is the measured data per point, the sim; is the
model prediction data per point, and the N is the total numbers
of all points. As shown in Fig.7, the RMS values of the
three capacitors are 0.93%, 1.53%, and 1.37% respectively,
so we can confirm the RMS based on the proposed stack
capacitor model are all less than 2%, which confirm the
considerable accuracy and general applicability of the stack
capacitor SPICE model.
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FIGURE 8. Block diagram of the readout structure.

Ill. APPLICATION OF MULTIPLE-LAYER STACKED
CAPACITOR IN INFRARED READOUT CIRCUIT

A. THE STRUCTURE OF INFRARED READOUT CIRCUIT

In this section, a high performance, 640 x 512 pixels, read-
out integrated circuit (ROIC) with snapshot mode integra-
tion is proposed and described. Typically, the ROIC consists
of charge integration, charge to voltage conversion, pixel
voltage multiplexing, signal transfer and amplification stage
[16-18]. In our work, the block diagram of the readout struc-
ture consists of the block diagram of the readout structure
plotted in Fig.8 including logic circuit, row select circuit,
column select circuit, pixel unit array, column path, output
buffer, and all parts are marked in Fig.8.

B. THE STRUCTURE AND OF PIXEL UNIT CIRCUIT
Pixel cell design is one of the most important designs of
ROIC. In this paper, proposed novel multiple-layer stack

161810
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FIGURE 9. Block diagram of pixel unit circuit.
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capacitors are used in pixel unit and the pixel unit uses direct
injection (D) structure. The Dy structure has the characteris-
tics of small occupied area, simple circuit structure and con-
taining large integral capacitance. When the ROIC operates
in the Iwr readout mode, whenever the frame signal arrives,
the pixel unit will sample the voltage from the Cip to the Cgp,
then the Cjp; will be reset and integrating next frame signal.
However, when the ROIC operates in the ITr readout mode,
sampling tube is in constant Open state so that Cj, and Cgy
will be integrated together. As a result, the integral capacitor
becomes larger in this mode so that greater charge handling
ability can be obtained.Fig.9 shows the block diagram of pixel
unit circuit.

The dynamic range can be defined as the ratio of the maxi-
mum unsaturated input signal (imax) to the minimum measur-
able input signal (iin), the minimum measurable input signal
is usually defined as the noise equivalent current without illu-
mination. It is shown in Formula (20), id represents the sum
of dark current and background current. Qpojse i the sum of
equivalent noise charges of IRFPA, and Q. is the maximum
charge storage capacity.

DR = 20l0g,, (”"‘”‘) - 2ozog10(W) 20)

Umin noise

Therefore, when the structure of the detector and pixel unit
is relatively fixed, increasing the charge storage capacity of
the integral capacitor is the most effective solution to increase
the dynamic range. Increasing the charge storage capacity
means increasing the integral capacitance. So in this design,
we use the multiple-layer stacked capacitor as the integral

FIGURE 10. The layout of pixel cells.
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FIGURE 11. Block diagram of column path.

capacitance of the pixel unit. Fig.10 shows the layout of pixel
cells.

Since there are only 6 layers of metal, the 4 and 5 layers
of metal need to be used as control signal wiring, and the
top layer of metal is used to connect the detector interface.
Therefore, only one MIM capacitor is stacked on the integral
capacitor. The integral capacitance of this design is about
0.9pf (Cint Csn).

i :
3 L

Line Synchromz ation

N

> «
7 . Half a clock cvele
Clock OutA - T !

Cloumnl  Cloumn9  Cloumnl7 Cloumn25 ‘
Cloumn5  Cloumnl3  Cloumn21 Cloumn29

(b)

FIGURE 12. (a)-(b). The simulation results of the whole circuit.

C. THE STRUCTURE OF COLUMN PATH

Fig.11 shows the simplified architecture of the column
path [19], [20]. The column path starts with source follower,
composed of charge amplifier, a sample-and-hold circuit,
column buffer and output buffer. Row and column address are
controlled by the row select circuit and column select circuit.
Whenever all the pixels of the row have been readout, the
column path will be reset.

IV. SIMULATION RESULT AND TEST RESULT

A. SIMULATION RESULTS OF THE WHOLE CIRCUIT

Fig.12 shows the simulation results of the whole circuit.
The simulation window is 32 x 16 arrays, 4 outputs, using
integrating while read-out mode. When the line synchro-
nization signal comes, it means that the output of the line
begins. Because four output channels are used, OUTA outputs
column 1, 5, 9, 13, 17, 21, 25 and 29 respectively, and the
output time of each column takes up half a clock cycle.
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FIGURE 14. The output swing.

FIGURE 15. The sample of the chip and the imaging results of readout
circuit with detector.

B. TEST RESULT

Fig.13 shows the waveform of the full window and four
output at the clock frequency of SMHz. As showed by Fig.14,
the output reference voltage is 1.6V, the maximum output
voltage is 4.8V. The output noise is about 400uV, thus the
dynamic range is 78dB.

This ROIC is fabricated using CSMC 0.5um double poly,
six metal process that utilized high-speed CMOS transistors
and the whole chip area is 17.5 x 16.5mm?. Fig.15 shows the
sample of the chip and the imaging results of readout circuit
with detector.

Table 2 shows the main performance parameter of the
ROIC. Compared with the reported work [21] and the pre-
vious design using mono-layer MOS capacitor. The dynamic
range is increased from 73db to 78dB by using multiple-layer
stacked capacitor as integral capacitor.
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TABLE 2. The main performance parameter of the ROIC.

Previous work This work
Items Reference [21] (Using mono- (Using multiple-
layer MOS layer stack
capacitor) capacitor)
standard 0.5um standard 0.5um
Process 0.35um 2P3M CMOS CMOS
Technology CIS technology technology
process process
Array size 320%240 320%256 640X512
Pixel Size 5.6umx5.6um 25um*25um 25um*25um
Supply
Voltage 3.3V 5.5V 5.5V
szber of o Programmable as  Programmable as
nalog 10 bit digital
1,2 or 4 outputs 1,2 or 4 outputs
Outputs
Output Swing - >3V >3V
Dynamic 60dB 73dB 78dB
Range
Input charge-
handling 18500e 11Me 18Me"
capacity
Frame Rate 72Hz 60 Hz 60 Hz

V. CONCLUSION

In this paper, a kind of four-layer stack capacitor is proposed,
which has realized the compatibility with the conventional
standard 0.5m CMOS technology. The Simulation Program
with Integrated Circuit Emphasis (SPICE) model of the pre-
sented four-layer stack capacitor has been also established
with considering the fringe effect. The results show that the
root mean square error of the proposed SPICE model is
less than 2%. The model has been applied in the simulation
design of the infrared focal plane array readout circuit (IRFPA
ROIC) successfully. Based on the improved 0.5um CMOS
process with four-layer stack capacitor, an IRFPA ROIC with
640 x 512 array has been implemented. Compared with the
previous chip, the dynamic range is improved from 73dB to
78dB. At the same time, the chip and detector are packaged
together, and the infrared imaging is successful.

REFERENCES

[11 W. F. Sun, L. Xie, K. Jia, Y. F. Zhou, Q. S. Qian, and L. X. Shi,
“320x256 readout integrated circuit for infrared focal plane arrays
with low-temperature MOSFET model,” IETE J. Res., vol. 57, no. 6,
pp- 550-556, Dec. 2011.

[2] Y. Yang, “Effective readout pixel sensor circuit design for infrared focal
plane array and three-dimension image MEMS VLSI system,” in Proc. Int.
SoC Design Conf. (ISOCC), Jeju, South Korea, 2011, pp. 286-289.

[3] H. Kulah and T. Akin, “A current mirroring integration based readout
circuit for high performance infrared FPA applications,” IEEE Trans.
Circuits Syst. II, Analog Digit. Signal Process., vol. 50, no. 4, pp. 181-186,
Apr. 2003.

[4] Y. F. Fujihara, M. Murata, S. Nakayama, R. Kuroda, and S. Sugawa,
“An over 120 dB single exposure wide dynamic range CMOS image
sensor with two-stage lateral overflow integration capacitor,” IEEE Trans.
Electron Devices, vol. 68, no. 1, pp. 151-157, Dec. 2020.

[5S1 A. M. Brunetti and B. Choubey, “A low dark current 160 dB logarithmic
pixel with low voltage photodiode biasing,” Electronics, vol. 10, no. 9,
p. 1096, May 2021.

[6] M. Mase, S. Kawahito, M. Sasaki, Y. Wakamori, and M. Furuta, “A wide
dynamic range CMOS image sensor with multiple exposure-time signal
outputs and 12-bit column-parallel cyclic A/D converters,” IEEE J. Solid-
State Circuits, vol. 40, no. 12, pp. 2787-2795, Dec. 2005.

161812

[7]

[8]

[9]

(10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

[19]

(20]

(21]

M. Murata, R. Kuroda, Y. Fujihara, Y. Aoyagi, H. Shibata, T. Shibaguchi,
Y. Kamata, N. Miura, N. Kuriyama, and S. Sugawa, “A 24.3 Me™~ full
well capacity CMOS image sensor with lateral overflow integration trench
capacitor for high precision near infrared absorption imaging,” in JEDM
Tech. Dig., San Francisco, CA, USA, Dec. 2018, pp. 1-4.

Y. Sakano, S. Sakai, Y. Tashiro, Y. Kato, K. Akiyama, K. Honda, M. Sato,
M. Sakakibara, T. Taura, K. Azami, T. Hirano, Y. Oike, Y. Sogo, T. Ezaki,
T. Narabu, T. Hirayama, and S. Sugawa, “224-ke saturation signal global
shutter CMOS image sensor with in-pixel pinned storage and lateral over-
flow integration capacitor,” in Proc. Symp. VLSI Circuits, Kyoto, Japan,
Jun. 2017, pp. 250-251.

C. Jorel, C. Vallée, P. Gonon, E. Gourvest, C. Dubarry, and E. Defay,
“High performance metal-insulator-metal capacitor using a SrTiO3/ZrO;
bilayer,” Appl. Phys. Lett., vol. 94, no. 25, pp. 1-3, Jun. 2009.

Z. Yang, C. Ko, V. Balakrishnan, G. Gopalakrishnan, and S. Ramanathan,
“Dielectric and carrier transport properties of vanadium dioxide thin films
across the phase transition utilizing gated capacitor devices,” Phys. Rev. B,
Condens. Matter, vol. 82, no. 20, Nov. 2010, Art. no. 205101.

T. Aoki, “Method of manufacturing multilayer capacitance and multilayer
capacitance,” U.S. Patent 7 828 033 B2, Dec. 9, 2010. [Online]. Available:
https://patents.google.com/patent/US7828033B2/en

Y. S. Chauhan, S. Venugopalan, N. Paydavosi, P. Kushwaha, S. Jandhyala,
J. P.Duarte, S. Agnihotri, C. Yadav, H. Agarwal, A. Niknejad, and C. C. Hu,
“BSIM compact MOSFET models for SPICE simulation,” in Proc. 20th
Int. Conf. Mixed Design Integr. Circuits Syst. (MIXDES), Gdynia, Poland,
2013, pp. 23-28.

Y. S. Chauhan, S. Venugopalan, M. A. Karim, S. Khandelwal,
N. Paydavosi, P. Thakur, A. M. Niknejad, and C. C. Hu, “BSIM—Industry
standard compact MOSFET models,” in Proc. Eur. Solid-State Circuits
Conf. (ESSCIRC), Bordeaux, France, 2012, pp. 30-33.

R. C. Batra, M. Porfiri, and D. Spinello, “Capacitance estimate for elec-
trostatically actuated narrow microbeams,” Micro Nano Lett., vol. 2, no. 4,
pp. 71-73, Dec. 2006.

L. Gu, X. Chen, W. Jiang, B. Howley, and R. T. Chen, “Fringing-field
minimization in liquid-crystal-based high-resolution switchable gratings,”
Appl. Phys. Lett., vol. 87, no. 20, pp. 1-3, Apr. 2005.

S. J. Hwang, A. Shin, H. H. Shin, and M. Y. Sung, “A CMOS readout IC
design for uncooled infrared bolometer image sensor application,” in Proc.
IEEE Int. Symp. Ind. Electron., Montreal, QC, Canada, Jul. 2006, pp. 9-13.
H. S. Gupta, A. S. K. Kumar, M. S. Baghini, S. Chakrabarti, and
D. K. Sharma, “Design of high-precision ROIC for quantum dot
infrared photodetector,” IEEE Photon. Technol. Lett., vol. 28, no. 15,
pp. 16731676, Aug. 1, 2016.

Y. S. Kim, D. H. Woo, Y. M. Jo, S. G. Kang, and H. C. Lee, “Low-noise and
wide-dynamic-range ROIC with a self-selected capacitor for SWIR focal
plane arrays,” IEEE Sensors J., vol. 17, no. 1, pp. 179-184, Jan. 2017.

H. Martijn, U. Halldin, P. Helander, and J. Y. Andersson, “A 640 x 480
pixels readout circuit for IR imaging,” Anal. Integr. Circuits Signal Pro-
cess., vol. 22, no. 1, pp. 71-79, Jan. 2000.

K. Hoshino, F. Nielsen, and T. Nishimura, ‘“Noise reduction in CMOS
image sensors for high quality imaging: The autocorrelation function
filter on burst image sequences,” Engineering, vol. 7, no. 3, pp. 17-24,
Nov. 2007.

D. Kim, Y. Chae, J. Cho, and G. Han, ““A dual-capture wide dynamic range
CMOS image sensor using floating-diffusion capacitor,” IEEE Trans.
Electron Devices, vol. 55, no. 10, pp. 2590-2594, Oct. 2008.

QI LIU received the master’s degree in micro-
electronics and solid-state electronics from the
Nanjing University of Posts and Telecommunica-
tions, Nanjing, China, in 2016. He is currently
pursuing the Ph.D. degree in microelectronics and
solid-state electronics with the National ASIC
System Engineering Research Center, Southeast
University, Nanjing. His research interest includes
design of integrated circuit design.

VOLUME 9, 2021



Q. Liu et al.: Novel Multiple-Layer Stack Capacitor and Its application in IRPFA Readout Circuit

IEEE Access

VOLUME 9, 2021

TUANZHUANG WU received the bachelor’s
degree in electronic science and technology from
the Southeast University of Electronic Science
and Engineering, China, in 2016. He is currently
pursuing the master’s degree in microelectronics
and solid-state electronics with the National ASIC
System Engineering Research Center, Southeast
University, Nanjing, China. His research interest
includes design of power integrated circuit design.

YANFENG MA received the B.S. degree in elec-
tronics science and technology from Southeast
University, Nanjing, China, in 2020, where he is
currently pursuing the M.Eng. degree in micro-
electronics and solid state electronics with the
National ASIC System Engineering Research
Center. His research interests include compact
modeling and reliability of GaN power devices.

SIYANG LIU (Member, IEEE) received the
M.S. and Ph.D. degrees in microelectronics from
Southeast University, Nanjing, China, in 2011 and
2015, respectively. His research interests include
new power device design, power IC design, and
power device model.

XIAOJUAN XIA received the M.S. and Ph.D.
degrees in microelectronics from Southeast
University, Nanjing, China, in 2002 and 2009,
respectively. She is currently working with the
Nanjing University of Posts and Telecommuni-
cations. Her research interest includes integrated
circuit design related work.

WEIFENG SUN (Senior Member, IEEE) received
the B.S., M.S., and Ph.D. degrees in electronic
engineering from Southeast University, Nanjing,
China, in 2000, 2003, and 2007, respectively.
His research interests include new power device
design, power IC and RF device design, power
device model, and power systems.

161813



